Abstract⎯Phase transformations in the Al-Ca-Mg-Si system in the region of aluminum-magnesium alloys are investigated using the Thermo-Calc program. The liquidus projection of the quaternary system is constructed with a Mg content of 10% and it is shown that phases Al 4 Ca, Mg 2 Si, and Al 2 CaSi 2 can crystallize (in addition to the aluminum solid solution (Al)) depending on the calcium and silicon concentrations. The crystallization character of quaternary alloys is investigated with the help of a polythermal cross section calculated at concentrations of 10% Mg and 84% Al. Based on the analysis of phase transformations occurring in alloys of this section, the presence of the Al-Al 2 CaSi 2 -Mg 2 Si quasi-ternary section in the Al-Ca-MgSi system was assumed. Three experimental alloys were considered from a quantitative analysis of the phase composition, notably, Al-10% Ca-10% Mg-2% Si, Al-4% Ca-10% Mg-2% Si, and Al-3% Ca-10% Mg-1% Si. Metallographic investigations and electron-probe microanalysis were performed using a TESCAN Vega 3 scanning electron microscope. Critical temperatures are determined using a DSC Setaram Setsys Evolution differential calorimeter. The experimental results agree well with the calculated data; in particular, a peak at t ~ 450°C is revealed for all alloys in curves of the nonequilibrium solidus and invariant eutectic reaction L → (Al) + Al 4 Ca + Mg 2 Si + Al 3 Mg 2 . It is established that the structure of the Al-3% Ca-10% Mg-1% Si alloy is closest to the eutectic alloy. It is no worse that the AMg10 alloy in regards to density and corrosion resistance and even surpasses it in hardness, which allows us to consider this alloy as the basis for the development of a new cast material: "natural composites."
INTRODUCTION
Aluminum-magnesium alloys (magnalia) are widely used in various wares of the automobile industry, ship building, rocket technology, and other important branches of industry. Among their many advantages (in particular, high plasticity, weldability, etc.), we should especially note a decreased density and high corrosion resistance. These are thermally unstrenthened alloys; however, the temporary tensile strength in a quenched state at high magnesium concentrations (of about 10%, which corresponds to the AMg10 alloy 1 ) reaches σ u = 350-400 MPa due to the strengthening of the aluminum solid solution (Al) [1, 2] .
To improve other characteristics, it is reasonable to alloy magnalia with elements that would retail low density and high corrosion resistance. One of these is silicon, which was reflected in a series of grade alloys (for example, AMg5K), in which its content can reach 1.5-2.0% [1] [2] [3] [4] [5] [6] . Silicon forms the Mg 2 Si phase with magnesium, the density of which is only 1.88 g/cm 3 [7] [8] [9] . Some researchers proposed alloys based on the (Al) + Mg 2 Si eutectic with the structure characteristic of composites [10, 11] .
In our opinion, among other alloying elements, attention should be focused on calcium. Many publications have appeared in recent years in which calcium is considered an alloying component in magnesiumbased alloys [12] [13] [14] ; however, this element still has not found the appropriate application as applied to aluminum-based alloys.
The Al-Ca diagram, similarly to the Al-Si diagram, is of the eutectic type [7, 15, 16] . The Al 4 Ca compound is in equilibrium with (Al); however, in contrast with silicon, calcium does not form phases RUSSIAN Thus, in order to evaluate the reasonability of the joint alloying of the Al-Mg alloys with calcium and silicon additives, an analysis of the Al-Ca-Mg-Si system is required. In view of the absence of data on the structure of the phase diagram of this quaternary system and properties of alloys based on it, we determined the following goals of our study:
(i) to plot the fragments of the phase diagram of the Al-Ca-Mg-Si system in the region of aluminummagnesium alloys using the calculated and experimental methods;
(ii) to investigate the influence of calcium and silicon additives on the structure of the Al-10%Mg alloy and substantiate optimal concentrations of these elements;
(iii) to evaluate the density, corrosion properties, and hardness of the selected alloy and compare them with characteristics of the AMg10 grade alloy.
CALCULATION OF THE PHASE COMPOSITION OF ALLOYS
OF THE Al-Ca-Mg-Si SYSTEM To calculate the phase composition of the quaternary system under consideration, we used the Thermo-Calc program (the TCW5 version). The TTAL5 database is intended to calculate the phase composition of multicomponent aluminum-based alloys and contains thermodynamic quantities of all chemical elements of the quaternary system under study and expected phases: Al 3 Mg 2 , Al 4 Ca, Mg 2 Si, Al 2 CaSi 2 , and (Si) [18] .
Starting from the fact that primary crystals of secondary phases are deliberately undesirable, we calculated the liquidus projection of this quaternary system at the content of 10% Mg at the first stage. It is seen from Fig. 1 that the larger part of the calculated concentration range is occupied by the primary crystallization region of the Al 2 CaSi 2 phase. Even at a high calcium concentration, 1% Si is sufficient for this ternary compound (rather than Al 4 Ca) to crystallize first. Primary crystallization regions of Al 4 Ca and Mg 2 Si binary compounds are very narrow and are arranged near the sides fitting the corresponding ternary systems (Al-Ca-Mg and Al-Mg-Si).
The polythermal cross section calculated at contents of 10% Mg and 84% Al gives a general notion about the crystallization character of quaternary alloys. It is seen in Fig. 2a that crystallization in most alloys of this section (in which the summary content of Ca and Si is constant, being 6%) starts from the formation of the Al 2 CaSi 2 compound. The liquidus temperature at concentrations of 3% Ca and 3% Si exceeds 650°C, which is substantially higher when compared with border ternary alloys Al-10% Mg-6% Si and Al-10% Mg-6% Ca. A horizontal is present in the central part of the section, which corresponds to an invariant peritectic reaction:
This reaction in alloys with the silicon excess is finished by the disappearance of the liquid phase; i.e., such an alloy finishes crystallization in a four-phase region (Al) + Al 4 Ca + Mg 2 Si + Al 2 CaSi 2 . Crystallization in alloys with a small calcium amount is finished according to the univariant eutectic reaction
Herewith, the solidus temperature in this part of the polythermal cross section has a maximum ( Fig. 2b) , which evidences the invariant character of this reaction (for the alloy corresponding to the maximum point) and allows us to assume the presence of the Al-Al 2 CaSi 2 -Mg 2 Si quasi-ternary section in the Al-Ca-Mg-Si system. Similar situations are characteristic of certain quaternary aluminum-based systems, for example, Al-Cu-Mg-Si and Al-Fe-MgSi [1, 7, 8] .
The ternary compound vanishes in alloys with a calcium excess due to the invariant peritectic reaction, while the crystallization continues according to the univariant eutectic reaction upon finishing it, the alloy becomes three-phase. The Al 3 Mg 2 compound is added to these phases with a decrease in temperature due to its isolation from (Al).
The crystallization of alloys of the system under consideration in alloys with a high magnesium content should be finished according to the invariant eutectic reaction L → (Al) + Al 4 Ca + Mg 2 Si + Al 3 Mg 2 .
It can be seen from Table 1 that this reaction is close to the eutectic reaction in the Al-Mg binary system in regards to temperature and liquid-phase composition [1, 3] . It should also be noted that magnesium silicide appears even with the addition of negligibly small amounts of silicon into the Al-10% Mg-6% Ca border ternary alloy (Fig. 2c) , which is caused by a very low solubility of Si in (Al). In order to perform the quantitative analysis of the phase composition, we considered three alloys of this quaternary system: Al-10% Ca-10% Mg-2% Si, Al-4% Ca-10% Mg-2% Si, and Al-3% Ca-10% Mg-1% Si (Al10Mg10Ca2Si, Al10Mg4Ca2Si, and Al10Mg3Ca1Si further in the text, respectively). The location of these alloys is reflected in Fig. 1 , from which we can see that first two alloys enter the primary crystallization region of the Al 2 CaSi 2 compound, while phases Al 4 Ca and (Al), respectively, should crystallize in ternary alloys without silicon (but with the same calcium content). Primary crystals of Ca-containing and Si-containing phases should not be formed in the Al10Mg3Ca1Si sample, while the alloy itself should have a structure close to the eutectic structure.
It is seen from Table 2 that the calculated critical temperatures of alloys under consideration differ rather strongly from each other. In particular, liquidus temperatures differ almost by 150°C: the Al10Mg10-Ca2Si alloy has the highest value (t L = 729°C), while the Al10Mg3Ca1Si has the lowest value (583°C).
According to the calculation, the alloys under consideration have an identical phase composition in the solid state. It particular, it is seen from Table 3 that all selected alloys contain four phases at t = 200°C: (Al), Al 4 Ca, Mg 2 Si, and Al 3 Mg 2 . It should be noted that the summary fraction of intermetallic phases even in the lightest alloyed Al10Mg3Ca1Si is ~35 vol %, which is characteristic of composites [19] [20] [21] [22] . This fraction in the heaviest alloyed Al10Mg10Ca2Si alloy is more than half. The Al 3 Mg 2 phase is absent at t = 440°C Table 1 The actual crystallization of most alloys as a rule differs from the equilibrium one; therefore, an evaluation of the phase composition of the casting or ingot in the cast state requires special procedures. The SheilCulliver model, which is implemented in the Thermo-Calc program, is one of the most widespread [18] . Figure 3 shows nonequilibrium crystallization curves calculated according to this model for selected alloys.
The Al 2 CaSi 2 compound primary crystallizes in Al10Mg10Ca2Si and Al10Mg4Ca2Si alloys according to Figs. 3b and 3c ; it should vanish in the course of the peritectic reaction in equilibrium conditions. However, peritectic reactions are usually not finished during the actual solidification of aluminum alloys [1] ; therefore, we should expect the presence of primary crystals of this ternary compound in the cast structure. It also follows from Fig. 3 that the crystallization of all Ca-containing and Si-containing alloys should be finished according to the five-phase eutectic reaction, the parameters of which are presented in Table 1 .
EXPERIMENTAL PROCEDURES
The objects of the experimental investigation were alloys Al10Mg10Ca2Si, Al10Mg4Ca2Si, Al10Mg3Ca1Si, and Al10Mg, the calculated phase composition of which is considered above (Tables 2, 3 ). They were smelted in an electric furnace with a silicon carbide heater based on aluminum A99 (GOST (State Standard) 11069-2001). Magnesium, silicon, and calcium were introduced in a pure form. The melt temperature Slices cut from a central part of ingots were fabricated for metallographic investigations, which were performed using a TESCAN Vega 3 scanning electron microscope. Both mechanical and electrolytic polishing were used for their fabrication. The latter was performed in an electrolyte containing 6 parts of C 2 H 5 OH, 1 part of HClO 4 , and 1 part of glycerol at a voltage of 12 V. Electron probe microanalysis was performed using a TESCAN microscope equipped with an energy-dispersion microanalyzer attachment produced by Oxford Instruments and Aztec software.
A DSC Setaram Setsys Evolution was applied for the experimental determination of critical temperatures.
The Brinell hardness was measured according to GOST 9012-59 using a WilsonWolpert 930N hardness meter at the following parameters: the ball is 2.5 mm in size, the load is 306 N, and the holding time is 30 s.
Tests for intercrystallite corrosion were performed according to GOST 9.021-74 in a mixture of solutions of 3% NaCl and 1% HCl at a temperature of 20°C for 24 h. The density was determined by hydrostatic weighing using a Wa-2 laboratory analytical balance.
EXPERIMENTAL RESULTS AND DISCUSSION
The cast structure of Al10Mg10Ca2Si and Al10Mg4Ca2Si alloys is first and foremost characterized by the presence of primary crystals enriched with calcium (Fig. 4) . The results of the quantitative analysis of the composition of these crystals, which was performed for coarsest particles, shows that they corre- Ca K α1 spond rather well to the Al 2 CaSi 2 compound in the Al10Mg 4 Ca2Si sample (Table 4) , which agrees with the calculation that precisely this ternary compound crystallizes first (Figs. 1, 3c) . A certain amount of magnesium in an analyte is probably associated with the high content of this element in the alloy and, consequently, with "illumination" (when magnesium atoms-located in the material bulk surrounding crystals of the Al 2 CaSi 2 compound rather than in them themselves-emit).
The composition of primary crystals in the Al10Mg10Ca2Si sample is close to the composition of the Al 4 Ca binary aluminide (20 at %). The presence of silicon in it (~4%) can be explained by the fact that this alloy starts to crystallize from the formation of the silicon-containing ternary compound, which follows from the calculation (Figs. 1, 3b) . The maximal amount of primary crystals of the Al 2 CaSi 2 phase is only 3% according to the calculation, which is smaller by a factor of several times than the amount of crystals of the Al 4 Ca phase, which should be formed before the isolation of (Al). We can propose that the ternary compound crystals served as the substrate for the nucleation of binary aluminide crystals. The ternary compound should vanish in equilibrium conditions due to peritectic reaction (1); however, conglomerates of two phases formed in actual solidification conditions due to its incompleteness, and precisely their composition corresponds to that one presented in Table 4 .
The liquidus and solidus temperatures noted in Table 5 evidence a good correspondence to the results of the calculation (Table 2 ). In particular, a peak at t 4 50°C manifests itself for all alloys in heating-cooling curves (Fig. 5) , which corresponds to the nonequilibrium solidus temperature (Fig. 3) and invariant eutectic reaction (4) ( Table 1) . No primary crystals of Cacontaining or Si-containing phases are found in the Al10Mg3Ca1Si alloy, the structure of which is close to eutectic (Fig. 6 ), which agrees with the results of the calculation of the phase composition (Figs. 1, 3d) . This alloy has the same density (ρ) and corrosion resistance (Δm) as the base alloy, but substantially sur- passes it by hardness ( Table 5 ). The presence of a considerable number of eutectic particles of Ca-containing and Si-containing phases (about 15 vol % by the calculation) assumes the possibility to increase the foundry properties and hardness, which cannot be attained for alloys of the AMg10 type. We should expect an increased brittleness for the Al10Mg10Ca2Si sample, in which the amount of intermetallic compounds is largest (Table 3 ) while the density is lowest (Table 5) because of the considerable content of primary crystals.
Thus, we can consider that the Al-Ca-Mg-Si system (primarily the region near the Al10Mg3Ca1Si alloy) is quite appropriate for the development of light corrosion materials having a "eutectic composite" structure based on it. CONCLUSIONS (i) Phase transformations in the Al-Ca-Mg-Si system in the region of aluminum-magnesium alloys are investigated using the calculation in the ThermoCalc program.
(ii) It is shown that the addition of calcium and silicon into the Al-10% Mg alloy can lead to the formation of primary crystals of phases Al 2 CaSi 2 , Al 4 Ca, and Mg 2 Si. Herewith, the formation of the ternary compound is most probable.
(iii) It is shown that the crystallization in quaternary alloys with an increased content of magnesium is finished according to the invariant eutectic reaction L → (Al) + Al 4 Ca + Mg 2 Si + Al 3 Mg 2 , which is close to reaction L → (Al) + Al 3 Mg 2 from the Al-Mg binary system in temperature and liquid-phase composition.
(iv) It is established that the addition of about 3% Ca and 1% Si into the Al-10% Mg base alloy leads to the formation of the eutectic structure, in which the summary fraction of Ca-containing and Si-containing phases is about 15 vol %. Herewith, the hardness increases with the conservation of density and corrosion resistance.
